Poorer hearing in the presence of background noise is a significant problem for the hearing impaired. Ototoxic drugs, ageing, and noise exposure can damage the sensory hair cells of the inner ear that are essential for normal hearing sensitivity. The relationship between outer hair cell (OHC) loss and progressively poorer hearing sensitivity in quiet or in competing background noise is supported by a number of human and animal studies. In contrast, the effect of moderate inner hair cell (IHC) loss or dysfunction shows almost no impact on behavioral measures of hearing sensitivity in quiet, when OHCs remain intact, but the relationship between selective IHC loss and hearing in noise remains relatively unknown. Here, a moderately high dose of carboplatin (75 mg/kg) that produced IHC loss in chinchillas ranging from 40 to 80 % had little effect on thresholds in quiet. However, when tested in the presence of competing broadband (BBN) or narrowband noise (NBN), thresholds increased significantly. IHC loss 960 % increased signal-to-noise ratios (SNRs) for tones (500-11,300 Hz) in competing BBN by 5-10 dB and broadened the masking function under NBN. These data suggest that IHC loss or dysfunction may play a significant role in listening in noise independent of OHC integrity and that these deficits may be present even when thresholds in quiet are within normal limits.
INTRODUCTION
Normal hearing sensitivity depends on the integrity of two distinct sensory cell types within the cochlea, the mammalian organ of hearing. The electromotile outer hair cells (OHCs) provide active, non-linear amplification in response to basilar membrane displacement (Allen 1980; Johnstone et al. 1986; Preyer and Gummer 1996) whereas inner hair cells (IHCs) passively respond to cochlear mechanics and transduce nearly all of the acoustic energy to afferent type I auditory nerve fibers. Over 90 % of type I afferents innervate IHCs with the remainder (∼10 %) innervating OHCs (Spoendlin 1975) . Cochlear damage as a function of noise, ototoxic drugs, or ageing is associated with stereocilia dysfunction in IHCs and OHCs, damage to afferent fibers or synapses, and in many cases partial to complete loss of OHCs (Coleman 1976; McGill and Schuknecht 1976; Prazma et al. 1976; Ryan et al. 1980; Liberman and Dodds 1984; Soucek and Mason 1987) . Hearing impairment associated with evidence of OHC damage or loss is generally characterized by increased thresholds and decreased frequency tuning (McGill and Schuknecht 1976; Dallos and Harris 1978; Stebbins et al. 1979; Patuzzi et al. 1989; Ohlms et al. 1991) . This reduction in tuning is believed to underlie poorer ability to resolve signals in noise. The effects of selective IHC loss/dysfunction, or afferent degeneration on hearing-in-noise, however, are less understood but have been speculated to play a significant role (Kujawa and Liberman 2009; Lin et al. 2011; Furman et al. 2013) .
In chinchillas and other species, OHC dysfunction or loss reduces hearing sensitivity and tuning (Cody and Russell 1985; Borg 1987; Davis et al. 1989; Hamernik et al. 1989; McFadden et al. 2002; Davis et al. 2005) . Not all reports, however, attribute poorer tuning to OHC loss (Nienhuys and Clark 1979; Prosen et al. 1989) . In one report, psychophysical tuning curves (PTCs) from chinchillas with kanamycininduced selective OHC loss or mixed OHC/IHC loss showed that when cochlear damage was limited to OHC loss alone, thresholds increased but tuning curves remained normal. In contrast, selective IHC loss resulted in PTCs that were progressively distorted, suggesting that although OHC loss increased threshold, PTCs can remain sharp as long as IHCs are not damaged (Ryan et al. 1979) .
In chinchillas with carboplatin-induced evidence of selective IHC loss (Wake et al. 1993; Takeno et al. 1994a, b; Wake et al. 1994; Hofstetter et al. 1997a; Ding et al. 1999b) , the compound action potential (CAP) amplitude, a measure of cochlear output, was significantly reduced as a function of IHC loss (Wang et al. 2002; El-Badry and McFadden 2007) . However, measurements from individual auditory nerve fibers, presumably synapsed to surviving IHCs, retained sharp tuning and normal thresholds but had shallower rate-level functions and reduced spontaneous and driven rates following carboplatin. Whereas these shallower rate-level functions might not degrade hearing performance in quiet, it is possible that hearing in noise could be substantially degraded prior to the central auditory system (Wang et al. 1997; Wang et al. 2003) . In the central auditory system, threshold measures in quiet from the inferior colliculus (IC) and auditory cortex (AC) were also resistant to IHC loss (Salvi et al. 2000a, b; Arnold and Burkard 2002) . As long as OHCs were not damaged, thresholds in quiet from areas with sparse IHC populations were only slightly increased in the IC and relatively unchanged at the AC. Collectively, these results suggested that threshold measures in quiet are likely unreliable indicators of IHC pathology. In a previous publication, we demonstrated that behaviorally derived pure-tone thresholds in chinchillas with carboplatin-induced IHC loss showed no significant changes until IHC loss was profound (∼80 %) (Lobarinas et al. 2013) . These measures, however, were obtained in the absence of competing background noise. Competing background noise substantially increases the demand on the auditory system, particularly in the presence of missing IHCs. Consequently, we hypothesized that whereas thresholds in quiet showed little sensitivity to extensive IHC loss, hearing in noise would show a significant level of impairment as a function of IHC loss, results that could partially explain performance differences in noise among hearing impaired individuals with similar audiograms.
In the studies presented here, we assessed the relationship among carboplatin-induced IHC loss or dysfunction and (1) audiometric performance in a competing BBN, (2) performance under NBN, and (3) masking functions to determine the effects on offfrequency listening.
MATERIALS AND METHODS

Subjects
Ten, healthy, adult, naïve, male chinchillas were used (400-600 g). Animals were 1-2 years of age at the beginning of the study and were tested over a 9-month period. Five of the ten animals were from a previous publication that focused on thresholds in quiet (Lobarinas et al. 2013) .
Subjects were housed in custom individual wire mesh cages in a temperature-controlled room with a 12-h light/dark cycle. Ambient overall sound levels in the chinchilla colony were 60-70-dB sound pressure level (SPL) with most of the energy below 250 Hz. Animals had free access to food and water.
Thresholds in quiet, under broadband noise (BBN), and under narrowband noise (NBN), were assessed before and after treatment with 75 mg/kg of carboplatin (intraperitoneal, i.p.), a dose that produces moderate to severe IHC loss (Hofstetter et al. 1997a, b) . All procedures were approved by the University at Buffalo's and University of Florida's IACUC committees.
Equipment
During testing, chinchillas were placed in an acoustically transparent (stainless steel bar), operant chamber with dimensions 31.75 cm (W) × 34.29 cm (H) × 25.4 cm (D) (Med Associates, 007-VPX), within a sound-attenuating cubicle (Med Associates, ENV-018V) lined with acoustic foam. The soundattenuating cubicles were housed in a single-walled sound-attenuating booth (WhisperRoom, MDL 4870S). Within each operant chamber, a photobeam (Med-Associates, ENV-253SD) was placed and centered 19.54 cm above a stainless steel bar grid floor wired for scrambled foot shock (shock cycled serially across rods with a cycle time of 277.2 ms and a stimulation time of 30.8 ms per rod; Med-Associates, ENV-005A-QD and ENV-414S). The output of the photobeam was fed to an adjustable single-channel infrared (IR) controller (Med-Associates, ENV-253B) and then to a real-time processor (Tucker Davis Technologies, RP2.1) connected to a personal computer running custom software. Sound stimuli were presented through a speaker (Fostex, FE127E) placed on the top of the operant chamber (26 cm). Calibration was performed with a sound level meter (Larson Davis 800b) and a 1/2-inch free-field microphone (Larson Davis 2541) placed at the center of the chamber, 13 cm above the stainless steel bar grid floor. Calibration was also performed at each corner of the chamber at the same 13-cm height. Variation among the five measurement locations was less than 2 dB. A piezo buzzer (Radio Shack, 273-059) placed adjacent to the speaker and houselights (Med-Associates, ENV-215 M) were used to provide feedback during testing.
Study Design and Timeline
The overall aim of the study was to evaluate the relationship between carboplatin-induced loss of IHCs or dysfunction and thresholds in the presence of BBN and NBN. Consistent with our previous publications, a within-subjects design was implemented with a precarboplatin control condition followed by a postcarboplatin assessment of thresholds in quiet and under both noise conditions. Training and baseline measures occurred over a 2-month period. Following carboplatin treatment, animals were allowed to recover over a 21-day period under veterinary care and observation. Post-carboplatin assessment measures were then obtained over a 4-6-week period. At the end of post-carboplatin testing, animals were killed within 1-2 weeks of the final behavioral test session.
Psychophysical Methods
Hearing thresholds were obtained using a modified descending method of limits with a shock avoidance conditioning procedure described previously (Lobarinas et al. 2013) , and similar to shock avoidance procedures from earlier reports (Blakeslee et al. 1978; Salvi et al. 1978; Giraudi et al. 1980; GiraudiPerry et al. 1982; Salvi and Arehole 1985; Lobarinas et al. 2013) . Tonal stimuli were created with a custom Matlab script and RPVDS software running a real-time processor RP2.1 (Tucker Davis Technologies).
Each experimental session contained approximately 120-140 trials. During each trial, six tone bursts (500 ms on/500 ms off, 5-ms rise/fall time) were presented. If the subject reared and broke the plane of the photobeam within the first four of the six tone bursts, the tone burst signal was terminated, the houselight stayed on, and the response was recorded as correct (Hit). However, if the subject failed to respond within the first four tone bursts, both the foot shock (2-5-mA scrambled foot shock) and the buzzer were turned on, the houselights were turned off, and the trial was recorded as an incorrect response (Miss).
During misses, the combination of the shock stimulus and buzzer immediately elicited a response that turned off the shock (Escape). Maximum shock time was limited to 2 s. When tone burst intensity levels fell below 20-dB SPL, only the buzzer and lightoff condition (footshock was turned off) signaled a Miss. The use of only the buzzer at low intensities was based on previous methods described by Miller (Miller 1970) and Saunders (Saunders et al. 1977) and similar to those reported by Seaton (Seaton and Trahiotis 1975) .
Each session trial was presented using a random intertrial interval (ITI) that ranged from 20 to 60 s. A Modified Method of Limits with a 10-dB down and 5-dB up step size was implemented in order to determine thresholds in quiet. Testing began using a high stimulus level (960-dB SPL). Within a trial, if a subject produced a correct response, the tone burst intensity was decreased by 10 dB on the subsequent trial. However, failure to respond resulted in a 5-dB intensity increase on the next trial. The false alarm rate (rate of responding when no stimulus was presented) was measured using blank trials (10 % of the trials) to allow for monitoring of false positives and correct rejection. No feedback was provided during blank trials.
Threshold at each frequency was operationally defined as the intensity at which three or more 5-dB reversals occurred. An experimenter that could control stimuli and track animal responses across frequency and intensity monitored each session. The time needed to measure threshold across all stimulus frequencies in a daily session was 50-60 min. The daily thresholds were averaged across 5 days to determine stable baseline pure-tone thresholds at each frequency. Daily threshold measures were considered valid if the false alarm rate was less than 20 % during the session. Following training, false alarm rates remained below 20 %.
Thresholds in Quiet
Thresholds in quiet were assessed using the psychophysical methods described above with tone bursts (500-ms duration, 5-ms rise/fall time) presented at 250-11,300 Hz.
Thresholds in Broadband Noise
Thresholds in broadband noise (BBN) were measured at 250-11,300 Hz by presenting tone bursts in the presence of a continuous BBN with an overall level of 50-dB SPL. Tone bursts were generated using the same equipment as for the quiet condition. The BBN was generated and ran continuously on a separate channel on the RP2.1. The two independent signals were summed in hardware (Tucker Davis Technology, SM3) and delivered to the same speaker.
The BBN was relatively flat from 100 to 16,000 Hz (±2 dB) with a steep roll-off above 20 kHz. The overall level of the noise was 50-dB SPL resulting in a pressure spectrum level (L ps ) of ∼7-dB SPL/Hz (L ps = 50 − [10 log (20,000 Hz/1 Hz)]).
Thresholds in Narrowband Noise
The aim of the narrowband noise experiments was to assess the shape of the masking function at three representative frequencies before and after carboplatin as an index of frequency selectivity. To reduce the effects of tone on tone masking such as beats, notches, and combination tones, narrowband noises with a nominal bandwidth of 100 Hz were used (Egan and Hake 1950; Zhang et al. 1990 ).
Thresholds in narrowband noise (NBN) were measured at 250-11,300 Hz by presenting tone bursts in the presence of NBN centered at 500, 2000, and 4000 Hz. The range of frequencies tested provided assessment of frequencies below, near, and above the center frequency of each NBN masker. The overall level of the NBN was set at 70-dB SPL (BW = 100 Hz). The equipment used to generate the tone bursts and NBN was the same as that used for the quiet and BBN conditions. NBN with a programmed steep high-and low-frequency roll-off (∼36 dB/octave) was generated using software with a digital filter function (TDT system 3 running RPVDS with six biquad filters and four butterworth coefficient functions). Bandwidth was defined by the lower and upper cutoff frequencies (3-dB down point), 50 Hz below and above each center frequency. The shapes of the NBN were confirmed using a 1/2-inch microphone amplified by a Bruel & Kjaer Nexus, fed into a TDT RP2.1 to a computer running a custom FFT Matlab script. The amplitudes were cross-checked with a Larson Davis 824 SLM sound spectrum analyzer function.
Carboplatin
After baseline threshold measures were collected in quiet and under noise, each subject was treated with a single 75 mg/kg intraperitoneal (i.p.) injection of carboplatin (Sigma C2538, cis-Diammine 1,1-cyclobutanedicarboxylate platinum) dissolved in 5 ml of saline. The animals then received daily 10-ml subcutaneous injections of saline for 2 days following carboplatin treatment. Following a 21-day recovery period during which no testing occurred, threshold in quiet, BBN, and NBN were reevaluated.
Cochleograms
At the end of the post-carboplatin hearing assessments, subjects were killed within 1-2 weeks with an overdose of carbon dioxide, decapitated, and the cochleae removed for histological analysis to determine the extent of hair cell loss (Trautwein et al. 1996; Hofstetter et al. 1997a, b; Ding et al. 1999a ). Both cochleae were removed carefully, the round window and oval window opened, and a solution of succinate dehydrogenase (SDH; 2.5 ml 0.2 M sodium succinate, 2.5 ml 0.2 M phosphate buffer, pH 7.6, and 5 ml 0.1 % tetranitro blue tetrazolium) was perfused through the round window. The cochleae were then immersed in SDH and incubated at 37°C for 45 min. The cochlea were post-fixed with 10 % formalin and stored in this fixative for 24 h. The basilar membrane containing the organ of Corti was dissected from the apex to the base as a flat surface preparation, mounted in glycerin on glass slides, and coverslipped. The organ of Corti was analyzed by light microscopy (Zeiss Standard) at ×400 magnification. Successive segments (0.24 mm) were analyzed for missing IHCs and OHCs. Hair cells were counted as present if the SDH-stained cell bodies were present and visible. Cochleograms were constructed for each ear of each animal, and the percent missing hair cells was plotted as a function of distance from the apex. Percent hair cell loss was determined from laboratory norms established from cochlea obtained from normal chinchillas (n = 9, 1-2 years of age). Percent distance from the apex was also converted to frequency using a cochlear frequency-place map (Greenwood 1990). Cochleograms were constructed for both ears; however, no significant differences in the size or pattern of hair cell loss were observed for the right versus left ears. Therefore, the data presented in RESULTS section show the hair cell lesions from the left ear.
Data Analysis
All subjects were evaluated for thresholds in quiet, thresholds in BBN, and thresholds in NBN. Mean data for the subjects were analyzed using a two-way repeated measures analysis of variance (ANOVA) to ascertain the effect of carboplatin on thresholds as a function of frequency across the three experimental conditions relative to the pre-carboplatin results. All statistical comparisons used an alpha level of 0.05, and post hoc analysis was performed using Tukey tests to avoid type I errors associated with multiple comparisons. Sigma Stat 3.5 was used for all statistical analyses. All results are presented as mean ± standard deviation (SD).
RESULTS
Moderate and Severe Carboplatin-Induced IHC Loss
The 75 mg/kg carboplatin treatment produced a mean IHC loss of 64 %. There was no evidence of significant OHC loss, results that were consistent with previous publications (Trautwein et al. 1996; Hofstetter et al. 1997a, b; Wang et al. 1997; Ding et al. 1999b; Lobarinas et al. 2013) . The IHC values reported are lower than the 70 % mean loss reported in our recent study (Lobarinas et al. 2013) . Figure 1 shows the post-mortem mean IHC and OHC loss across animals. The percent hair cell loss is plotted as a function of the frequency regions tested behaviorally (∼10 % intervals centered on each of the test frequencies). Across animals, the IHC loss was evident across most of the basilar membrane.
Thresholds in Quiet
The mean baseline thresholds (Fig. 2) were within 5-8 dB of previously published results in untreated chinchillas using shock avoidance measures (Miller 1970; Blakeslee et al. 1978; Salvi et al. 1978; Santi et al. 1982; Heffner and Heffner 1991; Lobarinas et al. 2013 ) and 5-10 dB lower at frequencies 94 kHz relative to a food reinforced technique (Clark et al. 1974) .
Post-carboplatin (21 day), thresholds increased by 1-5 dB as a function of frequency. Mean thresholds were less than 9-dB SPL below 4000 Hz and 10-14-dB SPL at 4000-11,300 Hz (Fig. 2) . A two-way repeated measures ANOVA (Table 1) showed no main effect for carboplatin treatment [F(1,54) = 2.985, p = 0.112] but found a statistically significant effect on frequency (p G 0.001). However, the effect on frequency did not depend significantly on treatment (p = 0.083). These results suggest that carboplatin had no significant impact on thresholds in quiet. There were no significant differences in thresholds across postcarboplatin sessions following the recovery period.
Thresholds in BBN
Thresholds across test frequencies 250-11,300 Hz in the presence of the continuous BBN before and after carboplatin treatment are shown in Figure 3 . Note that thresholds increased as the target tone frequency increased from 250 to 4000 Hz; these results are consistent with increases in critical bandwidth in chinchillas (Seaton and Trahiotis 1975; Niemiec et al. 1992) . Although critical bands were not directly assessed in the present study, a comparison of the critical ratios derived from subtracting L ps from masked threshold shows similar average results as those reported in previous studies in chinchillas using shock avoidance (Seaton and Trahiotis 1975) and food reinforced operant conditioning (Niemiec et al. 1992) . A comparison of these results is shown in Table 2 . At frequencies above 4000 Hz, however, the slope of the function flattened, suggesting that there were no further increases in the critical ratio from 4000 to 11,300 Hz. These results were consistent with bandwidth broadening results from auditory nerve fibers in chinchillas showing function saturation above 6000 Hz with suprathreshold presentation levels (Temchin et al. 2008) .
Before carboplatin treatment, thresholds ranged from 30-dB SPL for a tone burst at 500 Hz to 39-dB SPL for a tone burst at 11,300 Hz. Following carboplatin treatment, thresholds in BBN increased at all of the frequencies tested (Fig. 3) with corresponding signal-to-noise ratio (SNR) increases ranging from 6 to 11 dB. A two-way repeated measures ANOVA found a significant effect of frequency [F(6,54) = 20.810, p G 0.001] and treatment with carboplatin [F(1,54) = 13.117, p = 0.004]. The interaction of frequency and carboplatin treatment was not significant. Maximal threshold shift was at 8000 Hz, where an 11-dB increase in SNR was necessary to detect the tone burst relative to baseline measures.
Thresholds in NBN
The mean baseline and post-carboplatin thresholds to tones at 250-11,300 Hz in the presence of 70-dB SPL NBN centered at 500, 2000, and 4000 Hz are shown in Prior to carboplatin treatment, low thresholds were observed at frequencies below the frequency of the NBN masker. Thresholds increased as the frequency of the target tones approached the center frequency of the masker. Above the masker frequency, threshold gradually decreased as the frequencies of the target tones moved further away from the maskers' center frequency. As expected, the highest thresholds were observed at the center frequency of each masker (see insert NBN spectrum). This effect was consistent across all subjects and all three masker conditions. Following carboplatin treatment, thresholds at the center frequency of the masker increased across all conditions relative to baseline. In addition, thresholds to tones distal to the masker center frequency increased significantly. The most distal frequencies below the masker, on average, showed increases of more than 15 dB. The threshold shifts below the center frequencies of the masker were unexpected given the relative amplitude spectrum of the NBN (see inserts Figures 4, 5, and 6).
Summary of Results
The overall results show that there were no significant differences in tone thresholds in quiet between baseline and post-carboplatin treatment that produced IHC dysfunction or loss. Following carboplatin, daily performance did not differ across sessions, suggesting that there were no significant learning effects following the recovery period.
In contrast, thresholds in BBN increased across all frequencies tested following carboplatin. NBN patterns, post-carboplatin, showed increased thresholds at frequencies distal to the masker at both the low and high frequency tails of the function. Table 1 summarizes the statistical results for treatment across test conditions. The results show poorer thresholds in noise across all frequencies under both BBN and NBN following carboplatin treatment even in the presence of a full complement of OHC and thresholds in quiet that were unchanged from baseline levels. 
DISCUSSION
The aims of this study were to evaluate the perceptual consequences of IHC loss/dysfunction on hearing in competing BBN or intense NBN. Psychophysical methods were used to evaluate tone thresholds in quiet, in BBN, and in NBN. The measures were obtained before and after carboplatin treatment. The magnitude of the IHC lesion was assessed at the end of the psychophysical studies by anatomical confirmation of IHC and OHC loss as a function of location along the basilar membrane. The withinsubjects experimental paradigm employed in this project was powerful in that all of the behavioral measurements were obtained within the same animals followed by anatomical confirmation of the lesion. It is important to note that, as discussed below, carboplatin treatment was systemic. Thus, we cannot discount the possibility that the observed results could be explained by central pathology or a combination of peripheral and central dysfunction. Nonetheless, the presence of significant IHC loss was associated with increased thresholds in noise, but no significant elevation of thresholds in quiet.
Thresholds in Quiet
Baseline audiograms were obtained prior to carboplatin treatment. Thresholds in quiet ranged from 2-to 8-dB SPL from 250 to 11,300 Hz. Half of the study subjects were from a previous study (Lobarinas et al. 2013 ) and were selected based on quiet thresholds that did not significantly change following carboplatin treatment. The overall average includes these subjects as well as five additional subjects that did not show significant elevations in thresholds in quiet following carboplatin. When compared, our previous publication thresholds were within 5 dB across frequencies 250-4000 Hz and lower above 8000 Hz.
Following carboplatin treatment, there were no significant effects on thresholds in quiet. These results confirm our previous findings that pure-tone thresh- olds in quiet are relatively insensitive to moderate to severe IHC loss or dysfunction.
Thresholds in BBN
Thresholds for tones at 250-11,300 Hz were obtained in the presence of competing 50-dB SPL BBN before and after carboplatin. Prior to treatment, mean baseline thresholds ranged from 30 to 39 dB SPL with the highest thresholds at 4000-11,300 Hz. The 250-4000-Hz results were consistent with critical ratio data reported previously from 250 to 4000 Hz (Seaton and Trahiotis 1975; Niemiec et al. 1992 ) with the largest differences observed at 8000 Hz. The signal-tonoise ratio (SNR) changes were statistically significant for all frequencies, suggesting increased difficulty resolving signals in noise despite no evidence of OHC loss and no significant changes in thresholds in quiet. Thus, changes in BBN thresholds after carboplatin appeared to be more sensitive to IHC loss or dysfunction than thresholds obtained in quiet.
There are no behavioral data in the literature showing changes in the critical ratio or the detection of tones in BBN as a function of selective IHC loss/ dysfunction. The data presented here show for the first time that there was a significant deterioration in the ability to detect a tone in noise associated with carboplatin-induced inner hair cell loss/dysfunction.
The larger increase in tone-in-noise thresholds at higher frequencies after carboplatin treatment could be interpreted in two ways. The first interpretation is that whereas the width of the critical band may remain unchanged after carboplatin, the input/ output function of the neurons contacting residual IHCs becomes shallower. That is, the response to the tone burst embedded in the noise produces a smaller than expected increase in spike rate. This hypothesis is supported by auditory nerve fiber recordings obtained from chinchillas with selective IHC loss/ Results were similar to those reported by Miller (1970) and Niemec (1991) FIG. 4. Mean thresholds in competing narrowband noise centered at 500 Hz (70-dB SPL overall level) are shown as a function of test frequency before and after carboplatin. Carboplatin treatment significantly increased thresholds across multiple frequencies above and below the frequency of the masker. The spectrum of the masking noise is shown in the insert.
dysfunction (Wang et al. 1997) . The decrease in the slope and saturation rate of the input/output functions as well as the reduction in the spontaneous rate could account for the poor response to tones in BBN, that is, a poorer signal (tone response) to noise ratio. Future studies aimed at measuring the response of single neurons to tones embedded in BBN could be carried out to test this hypothesis. This type of study might need to be carried out at multiple levels of the auditory pathway. Another approach might involve measuring the local field potential amplitude (e.g., AC or IC) in the presence of BBN before and after inducing an IHC lesion (Robertson et al. 1990 ).
The second, more speculative, interpretation could arise from the critical band hypothesis; the increase of tone-in-noise thresholds could be due to a broadening of internal auditory filters. The critical band widening hypothesis has been evaluated indirectly by assessing physiological tuning curves obtained at multiple stages along the auditory pathway. Recordings made from auditory nerve fibers from chinchillas with selective IHC loss show that sharp neural tuning is retained at the level of the cochlea despite massive IHC loss (Wang et al. 1997) . Thus, there is no overt evidence of broader neural tuning at the level of the cochlea for acoustic stimuli in quiet. It is important to note, however, that auditory filter bandwidth slopes at the level of the auditory nerve fibers are input dependent (Temchin et al. 2008 ) and this level dependency would have to be accounted for in subsequent studies. The effect of competing noise on these functions after carboplatin is unknown.
Single-unit recordings made from the IC in chinchillas with selective IHC loss also show sharp tuning (Wake et al. 1996) . Whereas there is no physiological evidence of broader neural tuning at the midbrain to account for the increase in the critical ratio, these experiments would need to be carried out under conditions that would account for the presence of competing background noise. If tuning were retained at lower levels of the auditory system, broadening of neural tuning could occur in the AC. Single-unit AC recordings from chinchillas with carboplatin-induced IHC loss have not yet been carried out so this hypothesis remains untested. At the level of the AC, large changes in neural tuning have been observed as a result of blocking GABA-mediated inhibition with bicuculline (Wang et al. 2000) . Many AC neurons lost their finely tuned tips and adopted broadened Ushaped frequency response areas following bicuculline treatment. If selective IHC loss leads to changes in GABA-mediated inhibition, as some studies suggest (Salvi et al. 2000a) , then it is possible that broadened tuning at the AC could account for the increase in the hearing-in-noise thresholds reported here. If this were to be true, then the broadened tuning could help explain the low thresholds (increased spectral integration) observed in quiet and the poorer thresholds observed across all frequencies under BBN. Futures studies in the AC of chinchillas with selective IHC loss need to be carried out to test this hypothesis.
Thresholds in NBN
To evaluate tuning characteristics, masking functions were obtained under three NBN masking conditions with center frequencies at 500, 2000, and 4000 Hz before and after carboplatin. As expected, the pretreatment function was characterized by relatively lower thresholds below the center frequency, maximum thresholds at the center frequency of the masker, and elevated thresholds 1-2 octaves above the masker. However, following carboplatin treatment, we observed unexpected results at thresholds both below and above the center frequencies of the maskers. Although shallow I/O functions and reduced spike rates have been observed in the IC after carboplatin, the high-frequency and low-frequency expansions of the NBN masking are not likely due to frequency selectivity changes along the auditory pathway since single-fiber tuning curves in the auditory nerve and IC remain sharply tuned in animals with large carboplatin-induced IHC lesions (Wake et al. 1996; Wang et al. 1997) .
The expansion of the NBN masking patterns could arise if the carboplatin-induced IHC lesions caused frequency response changes at the level of the AC associated with GABA-mediated inhibition, as suggested in the previous section regarding increased thresholds in BBN. A previous study has shown that GABA-mediated inhibition is reduced in the chinchilla AC when IHCs are destroyed by carboplatin (Salvi et al. 2000a) . Whereas the application of the GABAantagonist, bicuculline, to the AC normally leads to a large increase in the amplitude of the AC tone-evoked field potential, in carboplatin-treated chinchillas, bicuculline had little effect on the response, suggesting that GABA-mediated inhibition had already been eliminated. The loss of GABA-mediated inhibition in the AC could facilitate changes in neural frequency response characteristics and lead to increases in threshold above and below the NBN masker. Evidence for this is suggested by the aforementioned studies in which GABA-mediated inhibition is blocked by bicuculline. In these experiments, physiological tuning curves shifted from having low threshold, narrowly tuned tips to low-threshold, broadly tuned tips (Wang et al. 2000) . The tuning curve tips were observed to broaden considerably both above and below the characteristic frequency (CF). In the present experiment, chinchillas treated with carboplatin exhibited losses of IHCs across a wide region of the cochlea. Consequently, disinhibition would be expected across a broad range of frequencies. The results from the NBN experiments presented here were consistent with this hypothesis as thresholds for frequencies far below and above the masker center frequency were elevated after carboplatin.
Relationship of IHC Loss to Perceptual Changes
The main findings of this study were that, whereas the degree of IHC loss or dysfunction had little impact on thresholds in quiet (Lobarinas et al. 2013) , IHC loss or dysfunction increased thresholds in noise and altered narrowband noise masking patterns in a manner consistent with a reduced ability to resolve signals in competing background noise. Recent human studies have suggested that poorer hearing in noise may be the result of IHC deafferentation (Makary et al. 2011; Bharadwaj et al. 2014) . The results presented here support the hypothesis that hearing in noise is impaired as a function of IHC loss or dysfunction, independent of OHC loss. The loss of OHC has been hypothesized to negatively affect hearing in noise due to changes in critical bands. However, abnormal hearing performance in noise varies significantly and does not correlate strongly with audiometry (Vermiglio et al. 2012) , a measure that is sensitive to OHC loss. Likewise, some individuals with Bnormalâ udiometric and distortion product otoacoustic emissions (DPOAE) results could exhibit significant difficulties in noise (Bharadwaj et al. 2015) .
Thus, functional measures of OHC integrity, such as DPOAE, may have limited utility in predicting functional hearing above threshold. Our own dose response pilot studies as well as previous reports (Trautwein et al. 1996; Hofstetter et al. 1997b ) showed no effect of carboplatin at the doses used here on (1) loss of OHC or (2) the presence or amplitude of DPOAEs, results suggesting that the performance deficits in noise were primarily associated with the loss or dysfunction of IHC.
Currently, there are no widely accepted functional tests of IHC loss readily available to clinicians, but increasing test sensitivity to IHC dysfunction may provide significant diagnostic value in relation to functional impairment and differential diagnosis. Such tests could help differentiate central hearing loss from peripheral hearing loss in cases of disproportionally poor hearing in noise. For instance, the use of the ABR wave I amplitude has been suggested as being sensitive to IHC deafferentation (Kujawa and Liberman 2009; Wynne et al. 2013) . Electrocochleography (ECOG) can be used to visualize wave I more clearly than in an ABR (Spoendlin and Baumgartner 1977) and reveal potential damage to inner hair cells or afferent dysfunction. The TEN(HL) test can be used to identify cochlear dead regions (Moore et al. 2000) that are presumably devoid of functional inner hair cells. The aforementioned tests can be useful but have limitations in that the relationship between moderate IHC loss and functional deficits require additional studies as shown by the data presented here. In the present study, IHC dysfunction and/or loss due to carboplatin increased thresholds in noise, even though this is typically only associated with OHC dysfunction. It is plausible and likely that hearing loss that results in measurable loss of OHC also damages IHC or afferent fibers. To the degree that hearing-in-noise deficits can be attributed to OHC alone, IHC alone, loss of afferents alone, or some combination has not been fully determined.
The data presented here as well as recent data from Kujawa and Liberman (Kujawa and Liberman 2009) underscore the limitations of relying on thresholds in quiet as an assay of the integrity of the peripheral auditory system and highlight the importance of assessing hearing-in-noise as a routine clinical measure to better evaluate overall hearing ability and identify hidden hearing deficits.
